Phenotypic plasticity can maintain population fitness in novel or changing environments if it allows the 17 phenotype to track the new trait optimum. Understanding how adaptation to contrasting environments 18 determines plastic responses can identify how plasticity evolves, and its potential to be adaptive in response 19 to environmental change. We sampled 79 genotypes from populations of two closely related but ecologically 20 divergent ragwort species (Senecio, Asteraceae), and transplanted multiple clones of each genotype into four 21 field sites along an elevational gradient representing each species' native range, the edge of their range, and 22 conditions outside their native range. At each transplant site, we quantified differences in survival, growth, 23 leaf morphology, chlorophyll fluorescence and gene expression for both species. Overall, the two species 24 differed in their sensitivity to the elevational gradient. As evidence of plasticity, leaf morphology changed 25 across the elevational gradient, with changes occurring in opposite directions for the two species. Differential 26 gene expression across the four field sites also revealed that the genetic pathways underlying plastic 27 responses were highly distinct in the two species. Despite the two species having diverged recently, 28 adaptation to contrasting habitats has resulted in the evolution of distinct sensitivities to environmental 29 variation, underlain by distinct forms of plasticity. 30 genotype-by-environment interactions, phenotypic plasticity, physiological plasticity, specialisation 32 33 62
Introduction 34
The resilience of natural populations and communities to environmental change relies on their ability to 35 adjust their phenotype to track changes in the environment (Chevin et al. 2010 ). This can occur via adaptive 36 evolutionary responses across generations (Bell and Gonzalez 2009), and/or by plasticity within a generation 37 where a given genotype generates different phenotypes depending on the environment to which it is exposed 38 (Via et al. 1995; Ghalambor et al. 2007; Charmantier et al. 2008 Field transplant experiment 144 In the glasshouse, cuttings (i.e., clones) from all individuals sampled from natural populations (hereafter, 145 genotypes) were cut into 5cm stem segments, each possessing 2-3 leaf nodes. Each smaller cutting was then 146 dipped in rooting plant growth regulator for softwood cuttings (Germon® Bew., Der. NAA 0.5%, L. Gobbi, 147 Italy) and placed in a compressed mix of coconut coir and perlite (1:1) in one cell of an 84-cell tray. All 148 cuttings from each genotype were kept together in one half of a tray, with tray positions randomised regularly 149 to randomise environmental or positional effects. Trays were kept moist and checked regularly for cuttings 150 that successfully produced roots (roots extending out of the bottom of tray). For each genotype, rooted 151 cuttings were randomised into experimental blocks and transplanted at four field sites. From the initial 152 genotypes, we transplanted 37 S.ch genotypes and 42 S.ae genotypes that produced enough cuttings with 153 roots.
154
Field transplant sites were located at four elevations (500m, 1,000m, 1,500m and 2,000m a.s.l) along a 155 transect on the south-eastern side of Mt. Etna. The 500m site was located in a garden among fruit trees and 156 grape vines, the 1,000m site on an abandoned vineyard among oak trees (Quercus ilex), the 1,500m site 157 among an apple and pear orchard, and the 2,000m site surrounded by pine trees on a lava flow from 1983. 158 Soil is characterised as a silty sand at elevations between 500m and 1,500m, but changes to volcanic sand at 159 2,000m. At each transplant environment we deployed four data loggers (Tinytag Plus, Gemini Data Loggers, 160 UK) at each site, which measured temperature hourly. We also took three soil samples for each transplant 161 site, which were analysed for 36 variables that included nutrients, salts and ions (Nucleo Chimico 162 Mediterraneo laboratories, Catania, Italy). To analyse the soil data, we used Multi-Dimensional Scaling 163 (MDS) to calculate the scaled distance between replicate soil samples taken at all transplant sites. 164 Genotypes were replicated at each transplant site by transplanting multiple cuttings from each genotype into 165 three identical experimental blocks. The position of cuttings was randomised with respect to genotype, and 166 transplanted into 20×7 grids, with cuttings separated from each other by 40cm (S.ch block n=109; site n = 167 327; total N = 1,308; S.ae block n = 130; site n = 390; total N = 1,560). Depending on the number of cuttings 168 that successfully produced roots, we transplanted 6-15 cuttings per genotype at each transplant site (exact 169 numbers presented in Table S1 ). Cuttings of S.ch were transplanted in June-July 2017, whereas cuttings of 170 S.ae were transplanted (into separate experimental blocks) at the start of August 2017. The difference in 171 timing was because we were restricted to sampling from natural populations of S.ae much later than S.ch.
172
Following the transplant, cuttings were watered daily for three weeks to encourage establishment. To prevent 173 death during high temperatures in July-August (consistently greater than 35ºC), we watered cuttings daily 174 during this period, which allowed assessments of phenotypic responses to what were still stressful conditions. variable fluorescence levels recorded at 2ms and 30ms, respectively (also normalised on F V ).
198

Statistical analyses of plasticity 199
To quantify morphological plasticity across the four transplant sites we first estimated the mean for all leaf 200 traits for a given cutting at a given transplant site. We standardised the morphological data to a mean of zero 201 and standard deviation of one, and then used a Principal Components Analysis (PCA) with five leaf 202 morphology traits. The first two principal components described 88.7% of the total variation. We used these 203 two PC axes for analyses of plasticity in leaf morphology described below. 
280
To test for significant representation of functional categories among differentially expressed genes, Gene
281
Ontology enrichment analyses were performed using topGO v2.3.6 (Alexa and Rahnenfuhrer 2019).
282
Enrichment was determined using genes that were significantly differentially expressed (adjusted p values < to greater photodamage for S.ae. S.ch showed evidence of higher intrinsic water use efficiency than S.ae 296 ( Fig. 2b; t=3 .875, P=0.0002), suggesting that S.ch leaves possess traits allowing better adaptation to drought than S.ae. We found evidence that the two species differed in the concentration of leaf pigments in 298 the cuticle of their leaves. S.ae showed greater leaf cuticle concentrations of chlorophyll ( Fig. 2c; t=2 .085, 299 P=0.0388) and flavanols ( Fig. 2d; t=4 .399, P<0.0001). Temperature data loggers at the transplant sites revealed contrasting climatic conditions associated with 309 elevation variation, with extreme heat (regularly exceeding 40ºC) at 500m and 1,000m during summer, and 310 extreme cold (regularly below 0ºC) at 1,500m and 2,000m during winter ( Fig. 3a) . Soil profiles separated the 311 four transplant sites in a linear fashion along the first axis (MDS1), which represented a gradual change in 312 soil type and reduction in nutrients (amount of organic material, total nitrogen, cation exchange capacity and 313 exchangeable ions) at higher elevations (Fig. 3b) . The second axis (MDS2) described differences between 314 the 1,000m site and the other sites, associated with greater concentrations of various salts (soluble nitrates, 315 calcium and magnesium). Transplanted cuttings of S.ae showed high mortality at low elevations over summer, but survived well at high 324 elevations over winter (Fig. 4a) . The S.ae plants that did survive at low elevations grew vigorously (Fig. 4b) . 325 By contrast, S.ch survived well at all elevations over summer, but suffered high mortality over winter at 326 2,000m (Fig. 4a) . S.ch grew well at all elevations and showed a greater difference in growth across elevation 327 than S.ae (Fig. 4b) . To test whether the survival rates in this 2017 experiment were consistent across years, 328 we conducted a similar transplant in 2018 by transplanting both species at the same time (total N = 984 329 cuttings) in spring (April) and providing less supplementary water. In the 2018 transplant experiment we 330 found very similar patterns of survival. After summer, only 6% and 3% of S.ae plants remained at 500m and 331 1,000m, respectively, as compared to 79% and 39% for S.ch (Table S2) , which suggested that the 2017 332 experiment represented typical patterns of mortality. and unfilled circles and dashed lines represent the S.ae genotypes. Gray circles represent morphology at 500m, with black circles 349
representing morphology at 2,000m. Table inset shows the trait loadings for both PC axes. S.ae changes morphology between 350 500m and 2,000m for PC1, which also represents species differences. By contrast, S.ch changes morphology between 500m and 351 2,000m for PC2. Inset leaf images represent the extreme differences across elevation for PC1 (S.ae), and for PC2 (S.ch). 352
353
Both species showed morphological plasticity as changes in leaf morphology across the four transplant sites, 354 but patterns differed between the two species. The first principal component described differences between 355 species as well as phenotypic differences associated with elevation for S.ae (Fig. 6a ; PC1 species×elevation To test whether species differed in their leaf investment across elevation, we calculated specific leaf area 362 (SLA; leaf area per unit leaf weight) and found a steep reduction in SLA as elevation increased for S.ae, but a 363 shallower reduction for S.ch (Fig. 6c ; species×elevation χ 2 (3) = 22.54, P<0.0001), suggesting S.ae changed 364 leaf investment at lower elevations by producing lighter leaves for a given leaf size. To estimate traits associated with physiological responses of these species, we measured chlorophyll 366 fluorescence and calculated the total performance index (PI total ; total photosynthetic activity), which reflects 367 the energy conservation capacity of the photosynthetic machinery. We found that S.ch showed no change in 368 PI total across elevation, while S.ae showed a steady decline, suggesting reduced photosynthetic activity of 369 S.ae at lower elevations ( Fig. 6d ; species×elevation χ 2 (3) = 24.59, P<0.0001). 
385
To test whether genotypes responded differently across transplant sites within species, we tested for 386 significant G×E underlying morphological plasticity. We found that both species exhibited significant 387 differences among genotypes ( 
Differential gene expression between transplant sites, genotypes and species 396
Patterns of gene expression within each species reflected differences between transplants sites and between 397 genotypes (Fig. S2) . In S.ch, the total number of differentially expressed genes between transplant sites 398 increased with increasing elevation. By contrast, S.ae exhibited more differentially expressed genes as 399 elevation decreased, with the greatest number of differentially expressed genes at 1,000m (Fig. S3) . Overall, 400 the number of differentially expressed genes was greater for S.ae (Fig. S3) , which was reflected by stronger 401 differences among the sampled genotypes, and greater numbers of differentially expressed genes showing 402 G×E interactions (Fig. 7a) . In S.ae, the average transcriptional change across all contrasts (between all 403 genotypes or between all transplant sites) was 8% greater as a result of genotypic differences than the 404 environmental response and 9% greater than the G×E interaction (p < 0.001, Z = -10.89; Fig. 7b ). In S.ch we 405 observed a contrasting pattern, with the average expression change resulting from G×E 6% and 8.5% greater 406 than genotypic and environmental responses respectively (p < 0.001, Z = 25.04; Fig. 7b ). These results
407
suggest that a greater proportion of the transcriptome in S.ae showed transcriptional plasticity between 408 genotypes (G×E) than for S.ch. Overlapping overexpressed and underexpressed genes between the home and furthest transplant site in each species. 414 environment (i.e., elevational extremes) for each species indicated very little overlap between the two 417 species, with just 5.5% and 6.5% of overexpressed and underexpressed genes shared between species (Fig.   418 7c). This suggests independent genetic pathways underlie plastic responses to elevation in these two species. 419 We plotted the expression profile of the ten genes in each species with the largest change in overexpression 420 and underexpression between 2,000m and 500m. In each case we observed a contrasting pattern between the 421 two species, with strong overexpression or underexpression in one species but a relatively unchanged 422 expression profile in the other species (Fig. 8) . Comparing the significant terms between species revealed that only four functional categories of genes were 433 shared (GO:0006412 translation, GO:0009637 response to blue light, GO:0009768 photosynthesis and 434 GO:0000028 ribosomal small subunit assembly; Tables S3 and S4). These data also suggest that the 435 500 1,000 1,500 2,000 500 1,000 1,500 2,000 500 1,000 1,500 2,000 500 1,000 1,500 2,000 phenotypic response to elevational change in each species involves mostly different genetic pathways. In 436 S.ae, GO terms indicated potential physiological changes to the leaf cuticle, including fatty acid biosynthesis, 437 wax biosynthesis and cutin biosynthesis (Table S3 ). In S.ch, GO terms specifically involved responses to 438 changing light conditions, including response to blue light, protein-chromophore linkage, light-harvesting in 439 Photosystem I and response to high light intensity (Table S4) . In this study, we used extensive field transplants of cuttings (clones) from 79 genotypes to quantify the 443 survival, growth, and responses at the phenotypic and gene expression levels for two closely related but 444 ecologically divergent species to an elevation gradient. We tested how these two species differed in 445 plasticity, and characterised genotypic variation in plasticity within and outside each species' elevational 446 range. We predicted that due to strong stabilising selection and a small geographic range, the more 447 ecologically restricted species, S. aethnensis (S.ae), would perform more poorly (than S.ch) away from its 448 home site, which would be reflected by reduced plastic responses overall and reduced genetic variation in 449 plasticity. Conversely, we predicted that because S. chrystanthemifolius (S.ch) occupies a range of habitats 450 with higher spatial and temporal environmental variation, S.ch would show greater plasticity and more 451 genetic variation in plasticity, which would help this species to maintain performance across an elevational 452 gradient.
453
In support of our predictions, we found that S.ae showed reduced survival ( Fig. 4a ) and photosynthetic 454 activity ( Fig. 6d ) away from its home site after summer, while S.ch showed low but consistent photosynthetic 455 activity across the elevational range, and only reduced performance after winter at the site furthest from its 456 home range. Against our predictions, both species showed similar levels of plasticity in morphology across 457 the elevational gradient, but morphological plasticity occurred in different phenotypic directions for the two 458 species (Fig. 5 and Fig. 6a ). This suggests that following adaptation morphological plasticity might be 459 restricted to certain areas of phenotypic space, which is different for populations adapting to contrasting as G×E underlying plastic responses ( Table 1) , but a stronger pattern of G×E in gene expression for S.ae 464 compared to S.ch (Fig. 7) . These results indicate that adaptation to their contrasting habitats has determined environmental variation.
467
Cuttings used for the field transplants in this study were from adult individuals in the wild, which suggests 468 that because they successfully bypassed selection that removed other individuals from the population, they 469 likely represent genotypes that are well adapted to their local environments. However, the plastic responses 470 shown by cuttings from these genotypes, as well as representing only a subset of the genotypes available 471 from seed produced in the natural populations, are likely to reflect many developmental decisions that have 
495
We identified hundreds of loci in each species showing a plastic response, and there was clear evidence for 496 changes in a small number of functional suites of genes that were highly distinct between the two species. suggests that adaptation to the high elevation environment has resulted in a reduced ability for S.ae to 512 respond positively to high temperatures, which may influence its persistence in response to climate change. 
